I. INTRODUCTION

A. Helical Flux Compression Generators
Magnetic flux compression generators (FCGs) powered by high explosives (HE) were invented in the former Soviet Union and the United States more than 50 years ago. Because of the large energy density of HE (approximately 5 MJ/kg), conversion from chemical energy to electrical energy can be accomplished with relatively small (less than 1 m characteristic size) devices.
There are many configurations of FCGs, and in this paper we shall consider helical generators, or HFCGs. The basic scheme of an HFCG is shown in Fig. 1 . The device itself comprises a solenoidal coil (stator) with an interior coaxial metal cylinder (armature) that is filled with HE. Connected at the input end of the generator is a "seed" circuit that supplies the initial current prior to operation. One lead of the circuit is attached to the stator and the other attached to the armature. Attached at the output end of the generator is a "load" circuit. Operation is as follows: When the desired initial current level in the generator is achieved the HE is detonated at the input end. The armature then expands in a moving conical shape, as shown. At the time of initial armature-stator contact the seed circuit is effectively "crowbarred" out of the generator-load circuit and the expanding armature successively removes flux linkages in the generator, thus reducing its inductance. Once crowbar occurs the magnetic flux is contained within the generator-load circuit. If the flux is conserved (no losses), the instantaneous current is given simply by
where L is the total inductance, and the subscripts denote initial values. One can see that the current and inductive energy scale as 1/L. In real circuits there are losses, and by integrating Kirchhoff's voltage law for the generator circuit one obtains the "generator equation,"
Still, typical current gains of 100, and as high as 1,000 are achievable because the generator inductance scales as the square of the number of turns, and the load inductance can be relatively small, so that the ratio, L0/L(t), can be quite large (e.g., 100s of microhenries to 10s of nanohenries).
B. HFCG Performance Limitations
All real generator circuits have non-zero electrical resistance, represented by R in eq. (2) . To accurately assess its value, magnetic field diffusion into the conductors must be calculated. In the vicinity of the armature-stator contact point strong proximity effects occur, accompanied by nonlinear diffusion and the resulting contact resistance typically dominates the resistive losses and ultimately limits the gain of the generator [7] .
Other reasons for reduced generator performance include poor materials or construction techniques (for example, nonconcentric armature and stator or non-uniform HE), excessive magnetic pressures, or electrical breakdown between the stator and armature. This last problem usually results in flux loss, and it motivated us to develop techniques to calculate electric field intensities in HFCGs to aid in designing to avoid breakdowns.
II. CALCULATION OF ELECTRIC FIELDS IN HFCGS
A. Gas Insulation Only
Helical generators are inherently three-dimensional, so no analytic techniques exist for calculating the field intensities within them. It has been demonstrated that numerical techniques exist for 3-D problems in studying HFCGs but are computationally very expensive [8] . Here, we chose to solve for the field structure in a simplified two-dimensional model of a single turn of generator stator wire. Such simplification required several assumptions:
(1) azimuthal uniformity (variation only in the axial and radial directions; (2) inductive (primarily azimuthal) electric fields negligible; (3) perfect conductors; (4) armature radius does not change appreciably over calculation cell width; (5) uniform free-space (gas) permittivity  = e; (6) no free space charge; and (7) negligible turn-to-turn voltage drop.
A comment on assumption (2) may be in order. Recall that the inductive electric field is simply the negative of the time derivative of the magnetic vector potential, which is primarily azimuthal. For a long solenoid, we have
where 0 is the free space permeability, n is the linear turns density, and I is the current. Thus, the magnetic induction, B, which is essentially axial, can be estimated in the generator; and the magnetic flux, , is simply the area integral of the induction between the armature and stator, and it is given approximately by
The line integral of magnetic vector potential around a circumference gives the flux contained within the loop, so that the maximum magnetic vector potential is approximated by
and its time derivative is easily approximated. When we perform the calculation for a generator, we find that the peak inductive field is typically only on the order of 100 V/cm.
With the above assumptions the solution for the poloidal electrostatic fields becomes tractable, and it is possible to solve Maxwell's equations in the r-z plane at a particular azimuthal position in a generator turn. The problem domain and relative field intensity distribution are shown in Fig. 2 for one set of geometric parameters. The boundaries (and boundary conditions) for the domain are the armature surface, r = ra (Φ = 0), an outer radius, r = ro, large compared to the stator major radius (Φ = 0), two radial planes positioned at the midpoint between adjacent wires, z =  p/2 (E|| = 0), and a circular-crosssection stator wire centered at r = rl (Φ = V). In this case the problem is completely specified, and Laplace's equation for the potential can be solved with any 2-D partial differential equation solver (we have used the commercially available finite-element-method, FEM, program FlexPDE [9] here). On the midplane of the problem domain the field is purely radial, by symmetry. A profile of the field intensity from the armature surface to the underside of the stator wire for the solution above is shown in Fig. 3 . The blue curve is the numerical solution, and the yellow curve is the analytic 1-D solution for coaxial cylinders. Because the armature is relatively far away from the stator in this problem geometry, and because the stator is relatively tightly wound (small turnto-turn wire spacing), the solution is very close to the coaxial cylinder case -except in the vicinity (on the order of one wire radius away) of the stator wire. In fact, we typically see two local maxima in the profiles, one at the armature, due to the fundamental 1/r variation of the field in the gap, and at the stator, due to the radius of curvature effect. Either can be the global maximum, depending on the exact geometry. Figures 2 and 3, of course, are only valid for the particular geometry specified. If we perform many such calculations for different geometries, we can see how the ratio of maximum fields at the armature and stator vary, and some such variations are shown in Fig. 4 . In order to reduce the number of geometric parameters by one, we normalize them to characteristic distances, such as stator major radius. Thus, we define normalized wire radius, fw = rw/rl, where rw is the wire absolute radius; fa = ra/rs, where the stator radius, rs = rl -rw; and the stator packing fraction, fp = 2*rw/p, where p is the wire centerto-center spacing, or pitch. In all of our calculations we define the enhancement factor, fe = Epeak/Eaverage, where the average field is just the voltage difference divided by the armaturestator gap distance. In Fig. 4 , we plot enhancement factor as a function of normalized armature radius, with packing fraction as a parameter, for the specific case of fw = .02. The range of normalized armature radii, 0.5 -1.0 is typical for helical generators. One can see that for the smallest armature radius, the peak field occurs at the armature, but as the armature radius increases the location of the peak shifts to the stator.
On this graph we also show some approximations that are sometimes used to calculate field enhancement factors. In particular, the "Concentric Cyl" curve is just the basic 1/r 1-D coaxial analytic enhancement factor at the armature; the "C-P (Analytic)" curve is the cylinder-to-plane analytic enhancement at the cylinder; and the "C-P (Denholm)" curve represents a simple approximation to the enhancement factor for the cylinder-plane case. These last two cases are only valid for the case of armature-stator gap distance much less than the wire radius, and their generalized use will introduce large errors in estimating the field enhancements for helical generators.
B. Gas Plus Solid Dielectric
The presence of solid dielectric insulation around the stator windings has two significant effects. First, it suppresses breakdown at the wire surfaces because of the high dielectric strength of the material. Second, because the relative dielectric constant of the insulator material can be significantly greater than unity, it can alter the field distribution -significantly when the armature is close to the insulator. To see this effect, note the simplified 1-D geometry of Fig. 5 . Here, the electrode gap is the sum of the gas layer thickness, a, and the solid insulator thickness, b. It can be shown quite easily that for this case the field enhancement factor (in the gas) is given by gas/Eavg = (a + b)/(a + b/єr).
()
Equation (6) shows that as the insulator dielectric constant approaches one the enhancement in the gas disappears, and in the limit of large r the enhancement approaches the geometric ratio associated with all of the potential drop occurring in the gas only. In the potential and field calculations we have done for helical generators we have assumed that the solid dielectric is in a uniform radial layer surrounding the stator wires, extending from a distance di below the stator to di above it, and we normalize that distance to the wire radius, fi = di/rw. In Figs. 6 and 7 we show electric field profile comparisons for insulation versus no insulation for two specific cases -large armature-stator gap, small-diameter-wire, close-packed stator, and thin insulation layer, and small armature-stator gap, largediameter wire, coarse stator packing, and relatively thick insulation layer, respectively. These two examples demonstrate the range of effects seen in the calculations.
In Fig. 6 , one can see that the difference in the profile from the 1-D coaxial case is negligible until close to the stator, where it is very pronounced. Whereas, without the insulation, the field rises sharply as the stator is approached, with the insulation, the field essentially does not rise near the stator. In the case of Fig. 7 , the departures from the 1-D coaxial case is quite pronounced; neither the uninsulated nor insulated case resembles the 1-D coaxial profile. Without insulation there is a significant field enhancement at the stator, whereas, in the insulated case the field in the insulation is reduced significantly and increased significantly in the gas.
For these calculations, a relative dielectric strength of 3.5 (typical of epoxy) was assumed. 
III. CAGEN IMPLEMENTATION
In CAGEN, we calculate the stator-to-armature voltage at every axial position in the generator throughout its operation. That voltage difference is given by the line integral of the vB source electric field along the armature, minus the reduction due to diffusion,  j. Here v is the velocity of the armature surface, B is the magnetic field at the surface,  is the energydensity-dependent electrical resistivity, and j is the current density, calculated from (fully nonlinear) magnetic field diffusion. By dividing the time-and position-dependent voltage by the radial armature-stator gap distance, we get the average radial electric field throughout the generator. To convert the average fields to peak fields at the armature and stator we use quadratic interpolation of multi-(geometric) parameter tables of enhancement factors produced from many hundreds of calculations just described.
The results from a particular CAGEN generator calculation are shown in Fig. 8 . In this three-axis plot, the horizontal axis is axial position within the generator, the vertical axis is peak electric field, and the "depth" axis is time. Each trace represents 1-s time snapshots. Along a given line, the sharp rise represents the contact point position. One can see that the peak field falls monotonically ahead of the contact point. The four sudden drops in peak field in time correspond to transitions to different generator sections with bifurcations in parallel wires between sections, so that each section has twice as many parallel wires as the previous section.
Such three-axis peak field plots are quite useful in diagnosing potential and observed electrical breakdown issues. In combination with hydrodynamic simulations of armature expansion and contact with the stator, a rather clear picture of where electrical breakdowns should occur emerged [1] . Figures  9 and 10 illustrate the main features. In Fig. 9 , we see that a shock layer forms in the gas above the expanding armature (green region in the density plot). The gas in the layer is sufficiently dense that breakdown is suppressed at field levels that would normally break down the gas at ambient conditions. In other words, the shock layer acts as a dynamic, high-dielectric-strength insulator, and breakdown is not expected where it exists. We note that typical breakdown strengths are approximately 30-35 kV/cm for atmospheric-pressure air or nitrogen, 80-100 kV/cm for sulfur hexafluoride (SF6), and 200-1,000 kV/cm for typical solid insulator materials.
The full interpretation is summarized in Fig. 10 . Here we show an instantaneous overlay of the shocked gas region at the stator in front of the contact point and the electric field distribution at the stator as a function of axial position. The first time there is a position in the generator ahead of the shock where the falling electric field still exceeds the ambient gas breakdown threshold (shown by the solid black line), then we would expect breakdown to occur at that time and at that position. This is precisely what was observed in a series of carefully designed and diagnosed experiments [1] . 
IV. EXPERIMENT COMPARISON AND DISCUSSION
In order to benchmark the code with an experiment involving a solid dielectric layer surrounding the stator, we chose the Lawrence Livermore National Laboratory "Mini-G" generator. The generator is actually a two-stage helical-coax generator, as shown in Fig. 11 and described in [5, 6] . The helical portion of the generator has its stator embedded in a solid dielectric. The HFCG is shown schematically in Fig. 12 , and the winding pattern details are presented in Table I . Its stator consists of four sections of wire windings with bifurcations between sections, starting with two wires in parallel, and ending with 16 wires in parallel. All wires are of the same diameter. This generator's performance seemed interesting to us because CAGEN calculations have agreed well with previous experimental results, as shown in Fig. 13 , for most of the generator's operation at lower seed currents. One can see that for this experiment (and two others with the same operating parameters), there was no obvious sign of electrical breakdown. At a seed current of 85 kA, CAGEN showed peak electric fields below -but near, in section 3 -breakdown thresholds for SF6 gas, as shown in Fig. 14 
V. CONCLUSION
In this paper we have summarized our work developing techniques to calculate peak internal electric fields in helical magnetic flux compression generators, presented some results and interpretation of representative calculations, and we have described how the calculations have been incorporated into our CAGEN modeling code. Finally, we have presented some sample results of peak electrical field distributions from CAGEN calculations for a particular generator, and we have discussed how this new capability can allow us to identify potential breakdown issues with specific generator designs and provide a virtual capability to improve designs to produce more robust generators.
